Introduction
The orientation of polycrystalline ferroelectric films used in ferroelectric random access memories (FeRAMs) has a strong influence on the electrical properties. In particular, the polarization of ferroelectric SrBi 2 Ta 2 O 9 (SBT) and SrBi 2 (Ta,Nb) 2 O 9 (SBTN) films strongly depends on the crystal orientation because these films polarize only along the a-axis [1] . For instance, an x-ray diffraction (XRD) measurement indicated that an SBT film deposited on an (111)-oriented platinum tends to preferentially grow along the c-axis as the average grain size increases [2] . In view of the scaling limit of FeRAMs governed by the grain size and its variation, it is crucial to obtain information on whether the entire film is oriented along the c-axis preferentially or c-axis-oriented grains have grown exclusively.
In this paper, we have investigated the relationship between the grain size and the crystal orientation of individual grains of SBTN films, for the first time, via an electron backscatter diffraction (EBSD) technique [3, 4] . Comparing the crystallographic data with the electrical properties, we discuss the contribution of individual grains to the total polarization in a certain area.
Experimental
We prepared 60-nm-thick SBTN films on (111)-oriented platinum coated substrates. The SBTN deposited substrates were annealed under different conditions to obtain samples with different grain sizes, labeled as samples A, B, C, D and E. The crystal orientation of the films was measured with an EBSD system installed in a scanning electron microscope (SEM). Ferroelectric properties of the films were measured with a Sawyer-Tower circuit after depositing platinum electrodes on the top of the films.
Result and Discussion

Orientation of Individual Grains
Figure 1(a) shows SEM photographs of SBTN surfaces of the five samples having different grain sizes. The crystal orientation map of each sample in the same region analyzed by the EBSD system is shown in Fig. 1(b) . In the orientation maps, the crystal orientation is differentiated by color keys. Since the grains in Fig. 1 (a) agree well with the patterns in the maps in Fig. 1(b) , it turns out that the orientation of each grain can be defined by EBSD. Figure 2 compares the area occupancy of the a-axis-oriented and c-axis-oriented grains in samples A and E as functions of the grain size. The sampled area was of 5 x 10 µm 2 , where the a-axis-oriented grain is defined as a grain whose a-axis is oriented in a solid angle of 30 ° centered at the normal axis to the film plane. The b-axis-oriented and c-axis-oriented grains are also defined in the same manner. As a simple expedient, we disregarded the population of the b-axis-oriented grains because we did not observe any explicit contributions of the b-axis-oriented grains to the polarization as well as to the numbers of the a-axis-oriented and c-axis-oriented grains. As shown in Fig.  2(a) for sample A, both the a-axis-oriented Figure 3 shows the average grain sizes of the a-axis-oriented and c-axis-oriented grains separately as functions of the average grain size for samples A to E. From this result, the large average grain size of sample E is concluded to result from exclusive growth of c-axis-oriented grains. Thus, it is expected that the polarization of an SBTN film can be increased when the average grain size is decreased. Figure 4 shows typical hysteresis curves measured on capacitors fabricated from samples A and E confirming above discussion. Figure 5 shows the remnant polarization versus the average grain size for samples A to E. As is expected, the remnant polarization increases as the average grain size decreases.
Impact of Grain Size on Crystal Orientation
Impact of Grain Size on Polarization
Scaling Limit
From the above results, the grain size of the SBTN films should preferably be small to randomize the orientation of grains, which leads to a higher remnant polarization. However, the ferroelectric films of random orientation may have a certain cell-to-cell variation when the orientation of individual grains in a small cell can not be ignored [5] . Therefore, a process alternative to control the orientation of the ferroelectric films that can provide the a-axis preferred orientation is required for nano-scale FeRAMs [6] .
Conclusion
We measured the grain size and the orientation of individual grains by an EBSD technique. From the EBSD data, we concluded that the large average grain size of SBTN films is a consequence of exclusive growth of c-axis-oriented grains. Comparison of the crystallographic data with the electrical properties of the films revealed that the polarization of an SBTN film increases when the average grain size decreases. 
